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Resistive Load Inverter
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MOSFET IV Characteristics
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Load Line
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Voltage Transfer Characteristics
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Effects of Load Resistance
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CMOS Inverter

V.

in —

=Vpp- Vasp
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Insp = -Ipgn
VDSp = Vout - VDD

Vpsn =V

out
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CMOS Properties

a Full rail-to-rail swing = high noise margins

e Logic levels not dependent upon the relative device sizes =
transistors can be minimum size = ratioless

0 Always a path to Vg, or GND in steady state = low
output impedance (output resistance in kQ range) =
large fan-out (albeit with degraded performance)

a Extremely high input resistance (gate of MOS transistor
is near perfect insulator) = nearly zero steady-state
input current

0 No direct path steady-state between power and ground
= no static power dissipation

0 Propagation delay function of load capacitance and
resistance of transistors
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Review: Short Channel |-V Plot (NMOS)
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NMOS transistor, 0.25um, L, = 0.25um, W/L = 1.5, Vp = 2.5V, V; = 0.4V
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Review: Short Channel |-V Plot (PMOS)
e All polarities of all voltages and currents are reversed
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108
Ve = -2.5V
+-Ix104

PMOS transistor, 0.25um, L, = 0.25um, W/L = 1.5, Vpp = 2.5V, V; =-0.4V
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Transforming PMOS I-V Lines

e Want common coordinate set V,,, V., and Iy,
IDn

IDSp = 'IDSn

VGSn = Vin ; VGSp = Vin - VDD

Vbsn= Vout 3 Vbsp = Vout - Vob

VOLI!
A A A
V. =0 V. =

ik

Mirror around x-axis Horiz. shift over V

Ve, =-2.5
ose Vin = Vpp + Vggp Vour = Voo * Vosp
IDn = 'le
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CMOS “Load Lines”
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Finding CMOS VTC--1

Finding CMOS VTC--2
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CMOS VTC--Spice Results

CMOS Inverter (p:n = 3:1)
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CMOS Inverter VTC Static Gate Behavior
OS off 0 Steady-state parameters of a gate — static behavior — tell
PMOS o how robust a circuit is with respect to both variations in
25 NMOS sat the manufacturing process and to noise disturbances.
PMOS res
21 a Digital circuits perform operations on Boolean variables
x €{0,1}
< 19 NMOS sat . . . . . .
2 PMOS :Zt 0 A logical variable is associated with a nominal voltage
3 ] level for each logic state
>
leVogand 0V
05 NMOS res OH oL
' PMOSsat NMOS rt?fs,
PMOS o -
Vou="! (Vo)
0 . . V(x)~l>Of V(y) VOH_ | (VOL)
0 05 | 15 2 25 oL— ThToH
Vo (V) o Difference between Vg, and V, is the logic or signal
" swing Vg,
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The Ideal Inverter

0 The ideal gate should have
e infinite gain in the transition region
e a gate threshold located in the middle of the logic swing
e high and low noise margins equal to half the swing
e input and output impedances of infinity and zero, resp.

VOUI
A
R;=
R,=0
g=-= Fanout = o
NM,, = NM, = VDD/2
g Vin
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Reliability

Noise in Digital Integrated Circuits

a Noise — unwanted variations of voltages and currents at
the logic nodes

o from two wires placed side by side

e capacitive coupling v(t)
- voltage change on one wire can =
influence signal on the neighboring wire ;I’_|>07
- cross talk
e inductive coupling _8%)?%_'
- current change on one wire can > o
influence signal on the neighboring wire

VDD
o from noise on the power and ground supply rails

e can influence signal levels in the gate
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Example of Capacitive Coupling

0 Signal wire glitches as large as 80% of the supply
voltage will be common due to crosstalk between
neighboring wires as feature sizes continue to scale

Crosstalk vs. Technology

—pulsed-Signal
0-12m-CMOS-

[0.16m CMOS |

NAATATAY
YYyvy

Black line quiet i
Red lines pulsed —---——-
Glitches strength vs technology

[0.25m CMOS

From Dunlop, Lucent, 2000
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Noise Immunity

a Noise margin expresses the ability of a circuit to
overpower a noise source

e noise sources: supply noise, cross talk, interference, offset

0 Absolute noise margin values are deceptive

e a floating node is more easily disturbed than a node driven by a
low impedance (in terms of voltage)

a Noise immunity expresses the ability of the system to
process and transmit information correctly in the
presence of noise

a For good noise immunity, the signal swing (i.e., the
difference between Vg, and V) and the noise margin
have to be large enough to overpower the impact of fixed
sources of noise
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DC Operation
Voltage Transfer Characteristics (VTC)

a Plot of output voltage as a function of the input voltage

vo) 1 V) —| >0 viy)
Vou=T(Vi) ﬁ

V)V

V‘/ Switching Threshold

Vo =f (Vi)
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Mapping Logic Levels to the Voltage Domain

a The regions of acceptable high and low voltages are
delimited by V,, and V,_that represent the points on the
VTC curve where the gain = -1

A
1 v(y)
" 1u VOH
V
S, OH
VIH
Undefined
Region
T VIL
1 VOL
" On VO|_ ,
V(x)
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Noise Margins

a For robust circuits, want the “0” and “1” intervals to be a s
large as possible

Voo T T Voo
VOH "
. - Vi
Noise Margin High Undefined
Region
Noise Margin Low I
VoL
T
Gnd-1L- L Gnd

Gate Output ——»  Gate Input

> >

0 Large noise margins are desirable, but not sufficient ...
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The Regenerative Property

O A gate with regenerative property ensure that a disturbed
signal converges back to a nominal voltage level

0 1 2
V.

5 -
~
2 34 Y
o
>
<
> \

1 A \'
-1 T T T T
0 2 4 6 8 10
t (nsec)
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Conditions for Regeneration

V[: V[: V[: V[: V[: V[: \

0 1 2 3 4 5 6

v, =f(vy) = v, =finv(v,)

finv(v)

v

Vo Vo
Regenerative Gate Nonregenerative Gate

0 To be regenerative, the VTC must have a transient
region with a gain greater than 1 (in absolute value)
bordered by two valid zones where the gain is smaller
than 1. Such a gate has two stable operating points.
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Relative Transistor Sizing

a When designing static CMOS circuits,
balance the driving strengths of the
transistors by making the PMOS section
wider than the NMOS section to

e maximize the noise margins and
e obtain symmetrical characteristics
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Switching Threshold

a V,, where V;, =V, (both PMOS and NMOS in saturation
since Vpg = Vgs)

Vi~ 'Vpp/(1 + 1) where r = KVpsary/KVpsarn

0 Switching threshold set by the ratio r, which compares
the relative driving strengths of the PMOS and NMOS
transistors

a Want V,, = Vpp/2 (to have comparable high and low
noise margins), sowantr ~ 1

(Wi L)p _ Kn'Vosatn(Vim-Vrn-Vosat/2)
(WIL), kp’VDSATp(VDD_VM+VTp+VDSATp/ 2)
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Switch Threshold Example

0 In our generic 0.25 micron CMOS process, using the
process parameters from slide L03.25, a V, = 2.5V, and
a minimum size NMOS device ((W/L), of 1.5)

VioM) | (V%) | VosarV) | K(ANV?) MV

NMOS 0.43 0.4 0.63 115 x 106 0.06
PMOS -0.4 -0.4 -1 -30 x 10® -0.1
(WIL),
(WIL),
CSE462 L09 CMOS Inverter (Static View).32 J. Brockman, ND, 2006




Switch Threshold Example

0 In our generic 0.25 micron CMOS process, using the
process parameters from slide L03.25, a Vp = 2.5V, and
a minimum size NMOS device ((W/L),, of 1.5)

VioM) | v(V®) | Vosar(V) | KAV | MVY
NMOS | 0.43 0.4 0.63 115x10° | 0.06
PMOS -0.4 -0.4 -1 -30x 106 | -0.1

X - . . — V. — V.

WiL), 115x10 6 0.63 (1.25-0.43-0.63/2
= X X

(W/L), -30x10% -1.0 (1.25-0.4—1.0/2)

=3.5

(WIL), = 3.5x 1.5 = 5.25 for a V), of 1.25V
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Simulated Inverter V,,

Vi (V)

09+

08 1

0.1 1
(WIL),/(WIL),

Note: x-axis is semilog
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a V,, is relatively
insensitive to variations in
device ratio

e setting the ratio to 3, 2.5

and 2 gives V,,’s of 1.22V,
1.18V, and 1.13V

a Increasing the width of
the PMOS moves V,,
towards Vpp

a Increasing the width of
the NMOS moves V,,
toward GND
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Noise Margins Determining V,, and V,

By definition, V,, and V,_are

4 where dV,,/dV,, = -1 (= gain)
Vou = Vop |
21 NMy = Vpp - Vi
3 Vi
] Approximating:
Vii=Vu - Vu/g
ViL=Vu + (Voo - V)9
VoL = GND 7 } 1
> ooy ﬁ) So high gain in the transition

. o " region is very desirable
A piece-wise linear

approximation of VTC
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CMOS Inverter VTC from Simulation
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0.25um, (W/L),/(WIL), = 3.4
(WI/L),, = 1.5 (min size)
Vpp = 2.5V

Vy = 1.25V,g=-27.5

Vv, =1.2V,V,, =13V

NM, =NM, =1.2

(actual values are

Vv, =103V, V,, =145V

NM, = 1.03V & NM,, = 1.05V)

Output resistance
low-output = 2.4kQ
high-output = 3.3kQ
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Gain Determinates

CSE462 L09 CMOS Inverter (Static View).37

Gain is a strong function of the
slopes of the currents in the
saturation region, for V;, =V

(1+r)
(Vu-Vra-Vosarn/2) (A - 4p)

g

Determined by technology
parameters, especially channel
length modulation (A). Only
designer influence through
supply voltage and V,, (transistor
sizing).
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Impact of Process Variation on VTC Curve

251
24 Good PMOS
Bad NMOS
g 151
E 1 Nominal
> Bad PMO
Good NMOS
051
0 T T T T 1
0 05 1 15 2 25

Vin (V)

rocess variations (mostly) cause a shift in the switching threshold
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Scaling the Supply Voltage

251

151

VOUt (V)

051

0 05 1 15
Vin (V)
Device threshold voltages are
kept (virtually) constant
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Vou (V)

0 0.05 0.1 0.15 0.2
Vin (V)
Device threshold voltages are
kept (virtually) constant

J. Brockman, ND, 2006




